We investigated the interaction of varied plasma power with ultralow-κ Toluene-TEOS hybrid plasma-polymer thin films, as well as changes in electrical and mechanical properties with various mixture ratios of toluene and TEOS (tetraethoxysilane). Using the plasma enhanced chemical vapor deposition (PECVD) method, organic-inorganic hybrid polymer thin films were deposited on silicon(100) substrates under 150
Introduction
There has been increased interest in the use of glow discharge for the polymerization of a number of organic and organometallic compounds.
1,2 Plasma polymers are used as dielectric and optical coatings to inhibit corrosion. The investigation of the optical properties of polymer films is of particular interest because of their use in optical devices. 1 Among many CVD methods, the plasma-enhanced chemical vapor deposition (PECVD) process is a very efficient method to produce homogeneous organic thin films on large area substrates, offering good control over the film properties. [3] [4] [5] [6] [7] Plasma polymerization is known as a unique method of organic thin film deposition.
8
As the integration levels and speed of semiconductor devices increase, achieving reduction in ‡ Corresponding author.
resistance capacitance (RC) delays in metalization is becoming more important. The prevalent problems are propagation delay, cross-talk noise, and power dissipation due to RC coupling, which becomes significant due to increased wiring capacitance, especially the interline capacitance between the metal lines on the same metal level.
9,10 Whereas resistance is affected by conducting materials, capacitance is mainly determined by dielectric materials.
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Therefore, thin films with relatively low dielectric constants (κ < 3.0) are under intense study due to their applications as interlayer dielectrics for multilevel metallization of ultra-large-scale integrated (ULSI) semiconductor devices. 12 A low-κ value is one of the most important requirements for interlayer dielectrics.
In this study, we fabricated plasma polymerized organic-inorganic hybrid thin films to optimize the dielectric property with mechanical properties of polymerized thin films fabricated by PECVD. We also investigated the optical properties and chemical functionality of these films.
Experimental Procedures
The experiment was carried out in a homemade stainless steel PECVD system. Silicon(100) wafers were wet-cleaned by sonication with acetone, methyl alcohol, distilled water, and isopropyl alcohol. In addition, substrates were dry-cleaned by in situ Ar plasma bombardment at 100 W for 15 min. The hybrid-polymer thin films were deposited by a PECVD method. Toluene and tetraethoxysilane (TEOS) were utilized as the organic and inorganic precursors with co-deposition precursor ratios of TEOS to toluene at 1-5:10. The basic properties of the precursors are shown in Table 1 . Each precursor was preheated at 60
• and 80
• C, and bubbled with 50 SCCM (standard cubic centimeter per minute) of hydrogen and 5-25 SCCM of argon gas. An additional 50 SCCM of argon was used as the carrier gas. The deposition time was fixed at 15 min to achieve the same thickness of 400 nm at 30 W of RF power. The general deposition pressure and temperature were 4.0 × 10 −1 Torr and 150
• C, respectively. Also the variations of each sample condition are shown in Table 2 .
The κ values were determined from the measurement of the capacitance in the metal-insulatorsilicon-metal (MISM) structure of the Al/hybrid polymer thin film/Si/Al. The capacitance was determined at 1 MHz with the MISM structure. The chemical bonding type of the plasma hybrid-polymer thin films was investigated by FT-IR, Bruker Optik Vertex 70. The ex-situ ellipsometry data of all investigated films were produced by the Gaertner auto gain ellipsometer L116B (single wavelength, 632 nm). The thickness was measured by FE-SEM, JEOL JSM700F. A nano-indenter (MTS Nanoindenter r XP) was used to assess film hardness and Young's modulus. Measurements were applied using a constant strain rate to the diamond indenter tip, followed by indenter unloading, while monitoring the load vs total indenter displacement. The hardness and modulus were continuously determined from load-displacement curves using the continuous stiffness method. The nano-indentation depth was 400 nm. In addition, the nano-indentation results only up to a penetration depth of h ≤ t f /10 were considered in all analyses, where t f was the thickness of the hybrid plasma-polymer film on the Si substrate.
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Results and Discussion
The bonding state of the plasma polymerized thin films was analyzed by FT-IR absorption over a range of 4000-600 cm Fig. 1(a) , the intensity of the CH x peak did not change with increasing TEOS bubbling ratio. Therefore, the intensity of the SiO peak increased with increasing TEOS bubbling ratio. From this result, TEOS precursor was well controlled by Ar bubbling gas. Also, the OH band had a similar intensity to that of the CH x stretching vibration. The mild heat treatment was carried out to prove the location of the OH functional group in/on the hybrid films at 120
• C for 12 h in convection oven. If water were absorbed on the hybrid plasma film, the intensity of the OH functional group will decrease. However, Fig. 1(b) illustrates that the OH functional group exists on the inside of the hybrid film. The OH functional group was formed with H 2 and oxygen atom in the TEOS molecule by the plasma process. In addition, the increasing intensity of the SiO functional band was observed with the increasing TEOS bubbling ratio. Figure 2 shows the AFM images and root mean square (RMS) roughness; there was no change in surface morphologies as the TEOS bubbling ratio increased. RMS roughness values were associated with RF power of plasma. The effects of plasma include plasma bombardment and plasma-heating effect. The surface roughness was influenced by plasma effect. The plasma effect was changed by its RF power. 16, 17 However, in this study, the TEOS bubbling ratio was the variable condition and the RF power of plasma was fixed at 30 W. The same plasma effect was applied with fabrication of each sample because of fixed RF plasma power. Thus, the RMS roughness value was almost the same (around 0.46 nm) with all samples. Figure 3 shows the hardness and Young's modulus for the hybrid thin films that were deposited at fixed RF powers of 30 W with varying TEOS bubbling ratios. The hardness and Young's modulus increased with increasing RF power as the ion density of the plasma increased with increasing RF power. 18 However, in this study RF plasma power was fixed at 30 W. Thus, the hardness and Young's modulus were associated with TEOS bubbling ratio. In the first three samples (R1-R3), there was no effect on increasing the SiO functionality, and each value was placed inside the same error range. However, large amount of SiO (in case of R4 and R5 samples) decrease the hardness and Young's modulus.
The greatest hardness and Young's modulus were 1.60 and 17.4 GPa with the R3 sample. Figure 4 shows the refractive indices measured at 632 nm. From Eq. (3), the measurement of the refractive index leads to the dielectric constant in the optical frequency region, which is a contribution from electronic states. The dielectric constant is a frequency-dependent, intrinsic material property that can be divided into three components that result from electronic, ionic, and dipolar polarization. The dielectric constants measured at 1 MHz consist of electronic (∆ε e ), ionic (∆ε i ) and dipolar (∆ε d ) contributions, which can be expressed as
The dielectric constant of a material can also be calculated from the refractive index, which can be expressed as
where κ is a relative dielectric constant, n is a real part of a refractive index, k is the extinction coefficient, i 2 = −1, and λ is the wavelength of the light source.
The pure electronic contribution to the dielectric constant (∆ε e ) was calculated from the refractive index obtained in the UV/Vis region. Since the extinction coefficient (k) of SiO 2 -based materials is normally negligible in this region, the relative dielectric constant (κ) in Eq. (2) can be simply expressed as, 19, 20 
Therefore, the dielectric constant could be predicted based on the measurement of the refractive index.
The dielectric constants are shown in Fig. 5 . From the IR results, we can predict that the dielectric constant values of the R1 and R2 samples would be placed within the same error range because IR spectra of R1 and R2 are almost similar. However, from the R3 sample the dielectric constant changed with different amounts of SiO functional groups. A low hardness value leads to a low dielectric constant, and R4 and R5 samples have low dielectric constant (the hardness of the R1-R3 samples was within the same error range). The dielectric constant of R3 was lower than that of R1 and R2, even though the hardness was the same. Moreover, Fig. 5 shows the evidence of Eq. (3) and the relationship between the dielectric constant and refractive index. In this case, the refractive index n is related to the density of material (when the extinction coefficient is negligible). Therefore, it can be related to the static dielectric constant, κ. The lowest dielectric constant was 2.45, which was deposited with co-deposition precursor ratios of TEOS to toluene at 5:10. In this study, the optimum value is 2.56, which was deposited with co-deposition precursor ratios of TEOS to toluene at 3:10 because the hardness and Young's modulus of the R3 sample were 1.60 GPa and 17.4 GPa (the highest hardness and Young's modulus).
Conclusions
Organic-inorganic hybrid-polymer films were deposited on Si(100) by PECVD method using codeposition toluene and TEOS.
IR results revealed that the as-grown hybrid films had -CH x , C=O, C=C, -OH, and SiO functional groups and different shapes of IR spectra from each liquid precursor, indicating that the thin film had a totally different structure from toluene and TEOS. These results also show that the amount of SiO functional group was controlled by the TEOS bubbling ratio. From the AFM result, the RMS roughness value was only influenced by RF power of plasma, and not by the TEOS bubbling ratio. 16, 17 The forming of cross-networks between organic species was disturbed by large amounts of SiO functional groups. R3 sample was placed at critical point, low dielectric constant and high hardness and Young's modulus. Only the TEOS bubbling ratio effect was observed. The refractive indices illustrated the relationship between the dielectric constant and refractive index, which varied according to the same trend. The dielectric constant also decreased with increasing TEOS bubbling ratios. Based on these results, we determined that the optimum condition was R3, with a bubbling ratio of TEOS to toluene as 3:10.
